The LEP collider was operated during 1996 for the first time at beam energies beyond the W pair threshold. In the first period, lasting about six weeks, operation was possible at 80.5GeV per beam by powering all of the 144 superconducting cavities (sc) as well as the original 120 room temperature cavities. After the summer shutdown, when an additional 32 sc cavities were installed, operation for physics was performed at 86GeV per beam for about four weeks. The integrated luminosity at high energy, delivered to the detectors, was 25pb-' in the two fairly short running periods. The maximum integrated luminosity over a 24 hour period exceeded 1.lpb-'. The present performance and limitations of the machine are reviewed as well as some of the crucial technical systems.
INTRODUCTION
The CERN Large Electron Positron (LEP) collider is a 26.6km circumference e+e-storage ring which has, until the end of 1995, operated with 4 and 8 bunches per beam in an energy range of 20 to 5OGeV (see previous conference reports, 11,[21) The energy upgrade (LEP2), foreseen to allow study of W pairs at energies around 90GeV per beam, involves a total of 272 new sc cavities with gradients of 6MV/m. In addition to the sc cavities the following technical modifications were necessary for the upgrade.
0 Civil engineering for klystron galleries. W O new klystron galleries were excavated near points 4 and 8. 0 4 new 12 kW (at 4.5K) cryogenics plants were installed in the four regions which house sc cavities.
0 The RF straight-sections were rearranged in all four interaction regions to allow the installation of the sc cavities which had different lengths to the existing copper cavities.
0 The sc low p insertion quadrupoles were upgraded for the higher energy, as were nearly all of the power converters
PERFORMANCE AND HIGHLIGHTS OF 1996
Due to the long shutdown periods imposed by the installation of the sc cavities, the available time for physics in 1996 was limited to about 10 weeks. The initial physics operation was foreseen with an optics configuration with l0S0 phase advance per cell in the horizontal plane, designed to produce higher specific luminosity due to the inherent smaller horizontal emittance. It was soon discovered that the usable dynamic aperture was significantly lower than computer simulations had predicted. For this reason, after nearly three weeks of attempted running the sextupoles were recabled and the older, well tried 90°(H) and 6Oo(V) optics was reinstalled in the machine and re-commissioned. Physics conditions were soon re-established and the collider was operated initially at 80.5GeV per beam and, after an additional installation of 32 sc cavities in the summer, at 86GeV. The performance for 1996 is shown in Fig.1 . Although the maximum operational beam energy for physics production was 86GeV, a record single beam energy of 88GeV was reached by operating the RF at the allout limit. In this mode of operation, the average gradient of the 176 sc cavities was the design value of 6MVlm and a spurious trip of a single module would inevitably cause total beam loss. In "operational mode" the total voltage available is such that, in the event of simultaneous tripping of 2 klystron (feeding 16 cavities) there remains sufficient RF voltage for a longitudinal quantum lifetime of around 15 hours. After initial conditioning and commissioning, the RF system behaved very reliably at its design gradient and with a total beam current of 4 mA. The current was limited by the "electro-acoustic" instability [3] in the cavities, and for normal operation the cavity conditions were optimized for this intensity value. Although the total current was limited, a record peak luminosity of 3 . 4~ lo3' cm-'s-l was reached due to the very small emittance ratio of 0.25% achieved (refer to Fig.2 ). The maximum integrated daily luminosity reached 1.lpb-' (see Fig.1 ) which bodes well for 1997. For 1997 a new feedback system (which was tested on a limited number of cavities in 1996) will be commissioned to combat the cavity instability [3]. During machine studies, single bunch currents of more than 60OpA were successfully accumulated and ramped to high energy.
The 4 x 12kW cryogenic plants were operated without serious problems and with high reliability throughout the On the beam dynamics front the vertical beam-beam tune shift (&) , as measured from the average of the luminosities in the four detectors, reached values 2 .04 (see Fig.2 ) without any signs of saturation.
In LEP the precision measurement of the beam energy is of crucial importance for the precision of the physics. For LEPl the beam energy was measured around the Zo equivalent energy by transverse resonant depolarization. For LEP2 it is likely that the polarization level at high energies will be too small to be measured. Hence the beam energy at W f must be estimated by extrapolation from resonant depolarization at lower energies [5]. The extrapolation will be performed by the use of NMR monitors and the LEP "flux loop". The accuracy of the extrapolation depends on the energy range over which the calibrations can be performed. Precision measurements have been systematically performed at 43 and 45GeV for the Zo data. In addition, in 1996, a successful calibration was performed for the first time at SOGeV. An attempt was also made to extend the calibration to 55GeV where, although polarization levels of 2% were measures no accurate calibration could be performed. year ~41.
PERFORMANCE LIMITATIONS
The two most important parameters for consideration of the performance of LEP2 are:
the maximum beam energy, and 0 the integrated luminosity
Maximum Energy
The over-riding limitation to the beam energy comes from the available RF voltage. The available RF is simply the product of the active length of the cavities and the average gradient per meter. The former limit is set by funding and the latter by technological constraints.
The energy spread of the RF bucket is approximately given by Hence, given the RF installation, an optics with stronger focussing provides relatively larger energy spreads and therefore allow a larger fraction of the RF voltage to be used to compensate synchrotron radiation, thereby permitting higher energies. In LEP2 the difference between the 90° and the 108' horizontal phase advance per cell is approximately 0.8GeV at 90GeV beam energy.
In the transverse plane there is an additional advantage to stronger focusing optics coming from the horizontal emittance.
Clearly, for a dynamic or physical aperture which is independent of energy, then with the horizontal emittance growing with y2, at a high enough energy the aperture will be insufficient. This situation can be alleviated by operating with the "high tune optics". The alternative is to reduce the horizontal emittance by increasing the damping partition numbers ( J,) which unfortunately increases the energy spread of the bunches and thereby reduces slightly the maximum energy.
In general substantial gains in beam energy require either more RF cavities or higher gradients. The constraints on the LEP optics is treated in detail elsewhere in this conference [6] . As stated previously, the usable dynamic apertures with the 108°/600 and later in the year with the 108'/90° optics were measured to be less than predicted by simulations. The dynamic aperture is measured in LEP in two independent ways, firstly by the "emittance inflation" technique where the damping partition numbers are varied so as to increase the horizontal emittance by a large factor. When the emittance becomes large enough to reduce the lifetime this defines the dynamic or physical aperture. The inflated emittance is measured by a carefully calibrated synchrotron light monitor and verified by measuring the tails of the distribution using loss monitors [7] . Figure 3 shows the results of tails scans on the 108°/900 optics. It is clear that non-Gaussian tails exist at large amplitudes. Similar measurements with the 90°/600 optics showed that the development of tails ocurred at larger amplitudes. In practice these non-Gaussian tails can produce serious problems with background in the detectors before there is a serious reduction in the lifetime. The second technique, the "kicker technique", involves deflecting the beam horizontally by an ever increasing amount until a sizeable fraction of the beam is lost thereby indicating that the aperture limitation had been reached. In general, both methods gave similar results, however the results of the kick method can be easier to interpret and with suitable diagnostics has indicated the presence of nonlinear resonances at large amplitudes. This behaviour will be studied during 1997 (see [8] for a fuller description of these measurements and analyses).
Integrated Luminosity
The yearly integrated luminosity may be conveniently approximated by Ldt = q l p e a k t y e a r (3) s where q is the "overall efficiency factor" and L p e a k is the all-out maximum luminosity recorded in physics during the year.
The luminosity ( L ) is directly related to the vertical beam-beam tune shift (tY) i.e.
where y is the relative energy, k b the number of bunches per beam, and ab the bunch current.
The Overall Efficiency (q)
The overall efficiency parameter (q) is derived by using historical data and equation (3). Consequently this parameter includes factors such as: 0 The loss in integrated luminosity since all runs do not necessarily reach the record luminosity ( L p e a k ) . 0 The fall in luminosity during the course of the run due to the intensity lifetime 0 The technical efficiency (down-time) of all components including the chain of injectors, defined as the ratio of actual time spent in physics data taking to the time scheduled.
The Intensity Lifetime In LEP, the intensity lifetime (7) is predominated by the particle losses resulting from the collisions of the electrons and positrons in the 4 collision points.
ObLncollisions o: ~b t y~n c o l l i s i o n s From equations (5) and (6) the intensity lifetime will decrease proportionately with energy. Consequently the durations of the runs at W f energies are shortened so as to optimize the integrated luminosity.
Beam-beam Contribution
From equation (4), it is clear that, when ty remains constant during the physics run (i.e. at the beam-beam limit) then the luminosity lifetime is equal to the intensity lifetime. Alternatively when the tY is linearly dependent on the bunch current (not beam-beam limited) then the luminosity lifetime is equal to the lifetime of ii. Thus in order to maximize the integrated luminosity it is essential to remain beam-beam limited to the end of the physics run when the intensity has significantly dropped. In LEPI, this was accomplished [9] without difficulty due to the smaller beam sizes associated with the lower energies (see equation 2). The vertical beam-beam tune shift may be written where k is the emittance ratio E~/ E , . For LEP2 where the energy is more than doubled, it will be necessary to gain about a factor of 8 in the combination of the free parameters in equation (7) if a similar beam-beam situation similar to Zo is to be achieved.
Beam Intensity
In LEP2, there are effects which limit the total beam current and others which limit the current per bunch and the number of bunches. For LEP2 the limitations to the total beam current are given below starting with the highest limits and progressing to the lowest, most urgent limitations.
The power which can be transmitted through the main couplers. The couplers have been tested to 300kW per cavity which would correspond to 2.4MW equivalent from the klystrons, to be compared with their maximum power of 1.3 MW. This is no longer a limitation to beam intensity. The total available klystron power which is available to compensate for the synchrotron power. (e.g. 30 klystrons giving 30MW would allow a total beam current of 16mA at 90GeV). The electro-acoustic instability. The current (and Energy) dependent cryogenic losses (see below)
Beam Current Provoked Cryogenic Power Losses Towards the end of 1996 measurements of the cryogenic losses with varying beam conditions indicated unexpected losses which were apparently dependent on the total bunch intensity and the beam energy [IO] . 5) shows the relative power changes during beam accumulation at 22GeV, followed by ramping to 45GeV where the bunch length was changed by excitation of wiggler magnets. The variation of the cryogenic power was also measured during the course of a physics run at 86GeV and is plotted as a function of beam current squared in Fig.(6) . Superimposed on this plot are the measured points from Fig (5) . There is a clear increase in the slope of about a factor of 4 between 22 and 86GeV. Similar results were obtained from measurements of the temperature rise of warm bellows between the sc modules. These results are however not irrefutable since the measurements were taken on different modules at different locations. However if the measurements made on the modules at 86GeV in Fig. (6) can be applied to all modules installed in a given region in LEP, then the total beam intensity may be limited to around 8mA with the presently installed and finely tuned cryogenics plant. A complete measurement campaign of this effect is planned as soon as LEP becomes operational in 1997. The performance estimates for operation over the next three years (see Tab. 1) are based on equation (3) with extrapolation from the year 1994 (the last full year of uninterrupted operation) and the following assumptions.
the overall efficiency parameter will be only 75% of the value attained (22%) at lower energy in 1994. This reduction is to take account of the possible increase in down time due to the large number of sc cavities and the reduction in integrated luminosity coming from e the increased difficulty in maintaining the beam-beam limit right to the end of the run as was done systematically at 45GeV .
The peak luminosity is estimated from 8 bunches per beam with a bunch current of SmA. Both these parameters have bee attained in the past however it remains to be seen if the inherent total beam current of 8mA will exceed the limit imposed by the cryogenics system. e The total numbers of days operation is already scheduled definitively for 1997 and tentatively for 1998.
From this table it can be seen that the peak luminosity is estimated to reach beyond cm-2 s-l and the total integrated luminosity over the three year period to exceed 500pb-'.
MAXJMUM ENERGY WITH PRESENT RF

INSTALLATION
Studies have begun recently to examine the possibility of extending the present beam energy range of LEP2 to around lOOGeV with the presently installed RF system. This increase in beam energy would necessitate an average gradient in the 272 sc cavities of 7MVlm. The problems already encountered and the solutions being pursued are given below.
Cryogenics Power. From the 12kW cryogenics power installed at each interaction point there remains about 6.8 kW for the RF dynamic load. At the higher gradients of 7MVJm and with the resulting reduction in Q value, the calculated required power is at least 1OkW. Consequently the cryoplants must be upgraded before any significant increase in gradient is possible. The proposed solution is to plan an early installation of the required LHC cryogenics system which could be used by LEP2 from Spring 1999. Electron emission in the cavities. The present gradient of 6MVlm is for the most part limited by electron emission in the cavities with resulting high radiation. The proposal is to increase the threshold by Helium processing. This technique has been successfully tested on a number of occasions to reduce the electron emission at values below 6MVlm in "sick" cavities. However the procedure is inherently dangerous for the main couplers due to the significant reduction in vacuum pressure needed for the processing. Experimental tests are under way to try to develop a safe He processing technique. Spread in cavity gradients. When an RF module (8 cavities fed by one klystron) is operating at an average gradient per cavity of 6MV/m, the spread in the gradients is typically more than flMV/m. Consequently some of the cavities in a module are already being operated at 7MVlm. It is clear that an average of 7MVlm will be more easily obtained if the spread of gradients in the modules is significantly reduced. This technical problem has been studied and one possible solution is to install waveguide transformers to allow individual control of the cavity gradients.
CONCLUSIONS
LEP2 has been sucessfully operated for a reduced running period during 1996. Physics data taking was performed at 80SGeVheam in the early part of the year and 86GeV later in the year. A total integrated luminosity of 25pb-1 was delivered to each of the four experiments and many technical problems were resolved with the newly installed very large RF system. The down-time of this system decreased dramatically during the course of the year as the steep learning curve was climbed.
Operation is planned for around 120 days in 1997 at 92GeVheam allowed by the 240 sc cavities installed over the past few years. There is every hope for an integrated luminosity of nearly 100pb-1 in the search for new physics and for the precision study of the properties of the W f particles.
The possibility of further extension of the LEP2 energy range is under active investigation.
